Mammalian endothelial cells are deficient in cystathionine β synthetase (CBS) activity, which is responsible for homocysteine (Hcy) clearance. This deficiency makes the endothelium the prime target for Hcy toxicity. Hcy induces integrin shedding in microvascular endothelial cells (MVEC) by increasing matrix metalloproteinase (MMP). Hcy competes with inhibitory neurotransmitter γ aminobutyric acid (GABA)-A receptor. We hypothesized that Hcy transduces MVEC remodeling by increasing metalloproteinase activity and shedding β-1 integrin by inactivating the GABA-A/B receptors, thus behaving as an excitatory neurotransmitter. MVEC were isolated from mouse brain. The presence of GABA-A receptor was determined by immunolabeling. It was induced by muscimol, an agonist of GABA-A receptor as measured by Western blot analysis. Hcy induced MMP-2 activity in a dose-and time-dependent manner, measured by zymography. GABA-A/B receptors ameliorated the Hcymediated MMP-2 activation. Hcy selectively increased the levels of tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-3 but decreased the levels of TIMP-4. Treatment with muscimol decreased the levels of TIMP-1 and TIMP-3 and increased the levels of TIMP-4 to control. Hcy caused a robust increase in the levels of a disintegrin and metalloproteinase (ADAM)-12. In the medium of MVEC treated with Hcy, the levels of β-1 integrin were significantly increased. Treatment with muscimol or baclofen (GABA-B receptor agonist) ameliorated the levels of β-1 integrin in the medium. These results suggested that Hcy induced ADAM-12. Significantly, Hcy facilitated the β-1 integrin shedding. Treatment of MVEC with muscimol or baclofen during Hcy administration ameliorated the expression of metalloproteinase, integrin-shedding, and constrictive collagen remodeling, suggesting a role of Hcy in GABA receptor-mediated cerebrovascular remodeling.
INTRODUCTION
Homocysteine (Hcy) is an important risk factor for the development of cardiovascular diseases and stroke (1, 2) . Epidemiological studies have indicated that hyperhomocysteinemia (HHcy) is an important contributory factor for the development of atherosclerotic lesions and arterial hypertension (3) . Numerous studies have demonstrated the pathophysiologic role of Hcy in large conduct arterial endothelial cells in vivo and in vitro (4) (5) (6) . However, little is known about the role of Hcy in microvessel endothelial cells (MVEC). This is especially true with regard to the role of Hcy in MVEC remodeling. Hcy induces endocardial microvascular endothelial dysfunction (7, 8) and microvascular impairment (9) . Mammalian endothelial cells are deficient in cystathionine β synthetase (CBS) activity (10, 11) , which is responsible for Hcy clearance. In addition, Hcy instigates structural (12) and functional microvascular impairment by generating superoxide in the brain (13) . Therefore, it is highly likely that endothelial cells are prime targets for Hcy toxicity. Hcy activates endothelial cells and increases matrix metalloproteinases (MMPs) activity (14) . Tissue inhibitor of metalloproteinases (TIMPs) modulates MMP activity (15) . Hcy also alters the expression of TIMP, leading to increase MMP activity (16) . A disintegrin and metalloproteinase (ADAM) plays significant role in disintegrin and shedding the cell surface receptor (17) . The cell-cell and cell-matrix interactions are mediated by integrin receptors (18) . The shedding of integrin by Hcy-mediated activated metalloproteinase transduces MVEC.
γ aminobutyric acid (GABA) receptors are inhibitory neurotransmitter receptors (19) (20) (21) and play a very important role in regulation of arterial blood pressure (22, 23) . The GABA-A, GABA-B, and GABA-C receptors are present in the central nervous system (19) (20) (21) (22) (23) , heart (24) , and the endothelium (25) . The chronic activation of GABA-A receptor decreases arterial blood pressure through a mechanism associated with increased endothelial nitric oxide (26, 27) . Interestingly, this finding is consistent with a moderate increase in vessel diameter (approx 5%) after acute treatment with GABA in isolated rat cerebral parenchymal arterioles (28) . Hcy decreases the bioavailability of endothelial nitric oxide (29) and displaces competitively muscimol, a GABA-A receptor agonist (30) . This result suggests that Hcy may attenuate inhibitory GABA-A receptor function in endothelial cells. Interestingly, antagonists to N-methyl-D-aspartate (NMDA) receptors also protect Hcy-mediated toxic effects in rats (31); hence, homocysteic acid or Hcy may behave as the excitatory neurotransmitter (32) .
Hcy induces cell adhesive molecules in leukocytes and platelets (33) . The inhibition of a disintegrin and metalloproteinase ameliorates Hcy-mediated constrictive vascular remodeling by endothelial cells (34) . In addition, Hcy instigates integrin shedding in MVEC by increasing MMP-9 activity (35), but it is unclear whether Hcy induces ADAM and collagen constrictive remodeling in MVEC. We show that Hcy-mediated constrictive collagen remodeling is alleviated by GABA-A/B receptor agonists, muscimol, and baclofen (36) . Here, we extend the notation that GABA receptors ameliorate Hcy-mediated integrin shedding and constrictive collagen remodeling in MVEC.
MATERIALS AND METHODS

Cell Culture
Mouse brain MVEC were isolated from the gray matter of the cerebral cortex as described (35, 37) . In brief, cerebral gray matter was extracted from the mouse brain and minced into pieces in minimal essential medium (MEM) at pH 7.4. Tissue suspension was incubated with dispase (0.3% w/v) for 3 h at 37°C, and was centrifuged at 5800g for 10 min. The pellet was resuspended in 13% (w/v) dextran (average MW 70,000) and centrifuged at 5800g for 10 min. Pellet was suspended in MEM and incubated with collagenase/dispase (1 mg/mL) for 2 h at 37°C then centrifuged at 1000g for 10 min. The pellets were layered on 50% Percoll gradient and this mixture was centrifuged 1400g for 10 min, which resulted in two bands. The red-thick band below the white fatty band was recovered for MVEC. The band was washed by centrifugation for 10 min at 1000g and the pellet was suspended in MEM. MVEC were directly plated in culture medium containing (50% v/v) MEM, 50% (w/v) F-12 nutrient mixture (Ham), 11% (v/v) plasma derived equine serum, 50 mg/mL heparin, 100 g streptomycin, and 100 g penicillin-G. MVEC were then incubated at 37°C with 95% (v/v) CO 2 in air. After formation of confluent monolayers (10-14 d) , experiments were performed. To characterize the endothelial cells, MVEC were labeled with CD-31 (35) .
Characterization of GABA-A Receptor in Primary Cultures
MVEC were stained with GABA-A receptor beta chain antibody to identify GABA-A receptor. In brief, MVEC monolayers were fixed at room temperature for 10 min in 95% ethanol and 5% glacial acetic acid. Cells were then incubated with 1:100 dilution of mouse anti-GABA-A receptor beta chain monoclonal antibody (Chemicon, Corp., CA) for 3 h. Secondary anti-mouse immunoglobulin (Ig)G-fluorescein conjugated was used to detect the fluorescence. For negative controls, the cells were incubated without mouse anti-GABA-A receptor monoclonal antibody; however, secondary antibody detection was kept the same. MVEC were viewed with an inverted microscope (Leica) equipped for transmission and fluorescence.
To determine the purity of MVEC, cells stained with CD-31 (an endothelial cell-specific marker) and GABA-A receptor beta chain antibody were quantitated by fluorescence. MVEC monolayers were washed with 0. GABA-A and -B receptors were isolated from MVEC homogenates incubated with their respective antibodies and immunoprecipated with IgG-agarose beads.
Antibody-antigen complexes were dissociated with 0.1% sodium dodecyl sulfate (SDS). To determine whether Hcy competes with muscimol, fluorescamine-homocysteine (F-Hcy) is prepared (38) . Not only are the chemical yields low, but the reactants and products are small molecules that are very unlikely to be separated on Sephadex G-50. The collected fractions were separated based on absorbance at 380 nm and fluorescence at 480 nm when excited at 380 nm (38) . We observed two peaks: one with absorption maximum at 380 nm, and other with fluorescence maximum at 480 nm. Because free-fluorescamine is not fluorescent, we use fluorescence measure to determine the separation and purity of F-Hcy.
GABA-A and GABA-B receptors (10 µg) were incubated at increasing concentrations of F-Hcy. Because GABA-receptor protein fluorescence exhibits a fairly hydrophobic emission, the GABA-receptor protein emission was measured at 334 nm (2.5 mm band-slit) when excited at 295 nm (1.25 mm band-slit). The protein fluorescence was quenched by F-Hcy (0, 5, 10, 15, and 20 µM). To displace F-Hcy, 20 µM muscimol or baclofen were added. Fluorescence intensity depends on the polarity and the environment of the fluorophore. This is extensively proven for Trp fluorescence in proteins in which intensity will go up in a hydrophobic environment. To minimize this effect, we created Trp fluorescence intensity standard curves to estimate the bound antibody and the concomitant fluorescence intensity.
Treatment of MVEC With Hcy and MMP Activity by Zymography
The media containing serum is essential for normal cell growth and proliferation. Media contains all the necessary nutrients and amino acids for cell metabolism. The serum contains many growth factors. Previous studies from our laboratory demonstrated that serum induces growth promoters in endothelial cells (39) . It is known that after the cells reach confluency, their growth is steady and needs only MEM. Therefore, to determine the direct effect of Hcy, independent of serum response, we treated confluent cells with Hcy in serum-free MEM. Confluent MVEC were washed with PBS at pH 7.4 and attenuated in serum-free media for 24 h at 37°C. Cells were incubated with Hcy at various concentrations (6, 12, and 20 µM) for 24 h. To determine the optimum time for MMP activity, the cells were incubated for 0, 6, 12, and 18 h with 12 µM Hcy. The culture medium was dialyzed in PBS overnight and concentrated with static concentrator Minicon B-15 (Millipore). MMP activity was measured with 1% gelatin SDS-polyacrylamide gel electrophoresis (PAGE) (40) . The gels were stained with Coomassie blue and lytic activity was scanned by a densitometer (Odessey).
Western Blot Analysis of TIMP-1, -3, and -4, β-1 Integrin, ADAM-12, and GABA-A Receptor
Confluent MVEC were washed with PBS and attenuated in serum-free media for 24 h at 37°C. MVEC were incubated with 20 µM Hcy and 40 µM of Muscimol. Other MVEC were incubated with 20 µM Hcy and 40 µM of muscimol. The culture medium was collected and concentrated. MVEC membrane fraction protein was solubilized at 4°C for 2 h in buffer composed of 1% (w/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 140 mM NaCl, 10 mM Tris-HCl pH 7.5, and protease inhibitors cocktail (leupeptin 1 mg/mL, pepstatin 0.7 mg/mL, trypsin inhibitors 0.1 mg/mL, phenylmethylsulfonyl fluoride 1 mM). Membrane fractions were also concentrated. Identical amounts of total protein were loaded onto 10% SDS-PAGE under reducing conditions. After SDS-PAGE, protein was transferred on to nitro-cellulose membranes by a Bio-Rad transblotter. TIMP-3 and -4 were measured by anti-TIMP-3 or -4 antibodies (1:1000 Sigma). Secondary antibody, anti-rabbit IgG alkaline phosphatase conjugate (1:000, Sigma) was used as the detection system. For GABA-A receptor blot, secondary antibody anti-mouse IgG alkaline phosphatase conjugate was used. TIMP-1 was measured by using anti-TIMP-1 monoclonal mouse antibody (1:10000, Calbiochem). Secondary anti-mouse horseradish peroxidase conjugate (1:5000, Chemicon) was used. ECL plus (Amersham Biosciences) was used as detection for horseradish peroxidase conjugate.
ADAM-12 and β-1 integrin in membrane fraction and β-1 in culture media were measured by anti-ADAM-12 or anti-β-1 integrin antibodies (1:1000, Chemicon). Actin was blotted using anti-actin antibody (Sigma) in cell extracts. Bands in Western blots were scanned by a densitometer.
Collagen Gel Constriction Assay
To determine the effect of Hcy on collagen constriction, native type 1 collagen gels were incubated with 10 6 MVEC. To prepare collagen gels, a stock solution of 3.4 mg/mL of native type1 collagen (Sigma) was dissolved in 12 mM HCl overnight at room temperature (16) . Confluent MVEC were incubated in serum-free medium for 24 h at 37°C with 5% (v/v) CO 2 . Confluent cells were then suspended in 10X PBS (0.1 M Na 2 HPO 4 , 1.5 M NaCl). To achieve 1 mL of polymerizing collagen gel, 0.1 mL10X PBS containing MVEC were mixed with 0.08 mL 0.1 M NaOH and 0.82 mL collagen solution. One milliliter of aliquots was cast in each well of 24-well plates and incubated for 60 min at 37°C for gelation. Endothelial cells tend to aggregate in collagen gel, causing asymmetric constriction (34) . For treatment with Hcy and GABA A/B agonists, muscimol, or baclofen were added to a final volume of 1 mL serum-free medium, and layered in collagen gel. Gel diameters were measured with Bio-Rad Quantity One software.
Effects of Muscimol, Baclofen, and Antibodies on Hcy-Mediated Collagen Gel Constriction by MVEC
Collagen gels containing 10 6 MVEC were incubated with or without Hcy at 37°C. Gel diameters were measured at 24 h. Effects of muscimol (GABA-A agonist) and baclofen (GABA-B agonist) on Hcy-mediated MVEC-induced collagen gel constriction were measured by incubating 40 µM of agonists with 20 µM Hcy. The antibody (1:100 dilution), GABA-A, B receptors, MMP-2, or ADAM-12 were added with 20 µM Hcy in 1-mL cell-free medium to collagen gels. Gels were incubated at 37°C for 24 h.
Statistical Analysis
Data were presented as average ± SD from six different experimental groups. We evaluated differences between groups using a two-way analysis of variance, followed by the Bonferroni post hoc test (41) , focusing on effects of Hcy (E vs E+H) and treatment (Hcy treatment vs Hcy plus muscimol or baclofen treatments). Significance was indicated by p < 0.05.
RESULTS
GABA-A and B Receptors in MVEC
To determine whether MVEC were positive for GABA-A receptor, in situ immunolabeling was performed using GABA-A receptor β-chain antibody. Primary MVEC were positive for pericellular GABA-A receptor (Fig. 1A) . To determine the number of MVEC that were positive for GABA-A receptor, we performed fluorescence analysis in MVEC labeled with CD-31-FITC and GABA-A receptor. The results suggested that 73 ± 9% of CD-31 positive MVEC were also positive for GABA-A receptor (Fig. 1C) . Although Hcy seemed to have higher affinity for GABA-A than -B receptor (Fig.  1D,E) , both muscimol and baclofen displaced the F-Hcybound GABA receptor. In addition, the strong leveling off in GABA-A receptor Trp fluorescence quenching by F-Hcy suggests buried and partly inaccessible Trp groups in GABA-A receptor (Fig. 1D) .
Hcy-Mediated MMP Activation and Suppression of the GABA Receptor
Hcy increased MMP-2 activity in a dose-and timedependent manner (Fig. 2) . We performed experiments with 12 and 20 µM Hcy for different times. Although at 12 µM Hcy, MMP activity leveled off at 18 h, at 20 µM, it leveled off at about 12 h (Fig. 2) . These levels were associated with expression of MMP-2 and not with ex vivo MMP activation, because ex vivo incubation of MMP-2 with Hcy did not alter the MMP activity (data not shown).
To determine whether muscimol, anti-GABA-A receptor, and baclofen ameliorated the Hcy-induced MMP activation, Hcy-treated cells were cultured in the presence and absence of muscimol, anti-GABA-A receptor or baclofen. Muscimol, anti-GABA-A receptor, and baclofen decreased the Hcy-mediated MMP-2 activity significantly (p < 0.01) (Fig. 3) . The results suggested that affinity of muscimol is higher than baclofen (Fig.  1D,E) . The treatment with baclofen ameliorated the Hcy-induced MMP-2 to a lesser extent than muscimol. To determine whether muscimol induced GABA-A receptor in MVEC, Western blot analysis of cell extracts prepared from MVEC treated with Hcy, and with and without muscimol, suggested that Hcy decreased, whereas muscimol induced GABA-A receptor in MVEC (Fig. 3) . The combination of Hcy and muscimol did not show any difference when compared to muscimol alone. This result suggested that Hcy has less impact in the presence of muscimol.
Differential Expression of TIMP-1, -3, and -4
To determine whether Hcy-induced TIMPs and muscimol attenuated this induction, MVEC were treated with Hcy and cultured in the presence or absence of muscimol. There was a selective increase in the levels of TIMP-1 and -3 by Hcy and a decrease in the level of TIMP-4. The treatment with muscimol decreased the Hcy-mediated TIMP-1 and -3, and increased Hcy-mediated TIMP-4 (Fig. 4) . Interestingly, muscimol alone increased the levels of TIMP-4. The combination of muscimol and Hcy restored normal TIMP-4 levels.
Hcy-Mediated β1-Integrin Shedding
To determine whether Hcy induced β-1-integrin and ADAM, MVEC were treated with Hcy. There was a robust increase in ADAM-12 by Hcy. Although slight, there was a significant (p < 0.01) decrease in β-1 integrin in MVEC and a robust increase in the medium of MVEC treated with Hcy, suggesting integrin-shedding by ADAM-12 (Fig. 5) . Cotreatment of MVEC with Hcy and muscimol, anti-GABA-A receptor, or baclofen ameliorated the induction of ADAM. To determine whether changes in ADAM in MVEC were associated with integrin shedding, we measured the levels of β-1 integrin in the medium of MVEC treated with Hcy in the presence and absence of muscimol, anti-GABA-A receptor, or baclofen. There was a robust increase in the shed β-1 integrin in the medium of MVEC treated with Hcy. This shedding was inhibited by cotreatment of the MVEC with muscimol, anti-GABA-A receptor or baclofen (Fig. 5) .
To determine whether the integrin shedding is associated with collagen remodeling, the collagen gel constriction was measured. Hcy-induced collagen gel constriction was ameliorated by anti-GABA-A receptor, anti-GABA-B receptor, anti-MMP-2, and anti-ADAM-12 antibodies (Fig. 6) . Hcy decreased the levels of intact β-1 integrin and at the same time increased the levels of soluble β-1 integrin in the cultured medium. This is consistent with the notion that ADAM-12 shed the integrin. Treatment with GABA receptor agonists ameliorated the Hcy-mediated integrin shedding.
DISCUSSION
The results of this study suggest a role of Hcy as an excitatory neurotransmitter in MVEC remodeling. Hcy mediated the transduction in MVEC by shedding the β1 integrin. This was, in part, the result of the increased levels of MMP-2 and ADAM-12 activity. The treatment with GABA-A receptor agonist (muscimol) and GABA-B receptor agonist (baclofen) of inhibitory neurotransmitter receptors ameliorated the MVEC transduction by inhibiting the integrin shedding and metalloproteinase activity.
We have demonstrated for the first time that MVEC contain GABA-A/B receptors, which were suppressed by Hcy (Fig. 1) . The Ki's reported for the interaction of muscimol and synaptic membrane extract were in millimolar range (30) . Here, we reported the apparent Kds in micromolar range for the interaction of muscimol with immunopurified GABA receptors, that was deduced from Fig. 1D ,E. The muscimol treatment induced the GABA-A receptor in MVEC and ameliorated the Hcy-mediated MMP activation (Figs. 2 and 3) . Others suggested that treatment with GABA-A receptor antagonist resulted in increased levels of MMP-9 activity (42) . This finding may suggest that Hcy behaves as an antagonist of GABA-A receptor. Elevated levels of Hcy, or hyperhomocysteinemia, attenuated and impaired the inhibitory neurotransmitter mechanism, preventing to decrease in blood pressure (26) . It is known that the GABA-A receptor agonist, muscimol, decreases arterial blood pressure (43) (44) (45) . There may also be a synergism between the increased levels of Hcy and blood pressure, causing microvascular dysfunction (7, 8) . The present study suggests that Hcy behaved as an antagonist of inhibitory neurotransmitter and synergized the microvascular dysfunction.
Remodeling, by its very nature, implies synthesis and degradation of connective tissue matrix. A critical balance between MMP and TIMP is associated with constitutive vascular remodeling. However, an imbalance leads to pathological remodeling. The role of differential regulation of TIMPs by Hcy suggested for the first time that Hcy increased TIMP-1 expression in MVEC. TIMP-1 induces mitogenesis in endothelial cells (46) , and Hcy induces TIMP-1 (47). Our study suggests that muscimol attenuates Hcy-mediated increased TIMP-1 levels in MVEC. TIMP-3 levels were increased by Hcy treatment in MVEC (Fig. 4) . Others have suggested increased TIMP-3 in smooth muscle cell apoptosis, leading to vascular remodeling (48) . Our results may suggest that Hcy increases TIMP-3 levels, and that these levels are associated with increased vascular remodeling/apoptosis. The GABA-A receptor ameliorated the Hcy-mediated TIMP-3 induction and may decrease vascular apoptosis and remodeling. TIMP-4 levels were decreased by Hcy and reverted to control levels after treatment with muscimol (Fig. 4) . This may suggest that the increased metalloproteinase activity was probably from the decreased levels of TIMP-4 during HHcy. However, the activation of an inhibitory neurotransmitter mechanism may ameliorate the elevated levels of metalloproteinase in HHcy.
The β-1 integrin deficiency caused a delay in the expression of a major neurotransmitter like GABA (49) . Our results suggest that Hcy increased metalloproteinase and ADAM-12 and decreased β-1 integrin in MVEC. There was a robust increase in soluble β-1 integrin levels in the medium of MVEC cultured in the presence of Hcy. The treatment with muscimol or baclofen reverted ADAM-12, and β-1 levels to normal in the MVEC and β1 in the medium of MVEC. These results suggest that Hcy induced ADAM-12 and metalloproteinase, leading to β-1 integrin shedding (Fig. 5) . The activation of inhibitory neurotransmitter in MVEC, ameliorated the transduction in MVEC and decreased the metalloproteinase activity and constrictive collagen remodeling (Fig. 6) .
In summary, the anti-GABA-A antibody and agonist to GABA-B receptor (baclofen) ameliorated Hcy-mediated MMP activation. This suggests that Hcy-mediated toxic effects are neutralized by induction of GABA-A and B receptors. Our study also showed for the first time the role of GABA receptors in TIMPs expression and induction. The results on Hcy-mediated integrin shedding, and MMP activation suggest the role of Hcy in constrictive collagen remodeling. Induction of GABA receptors ameliorated the constrictive collagen remodeling. This mechanism may have significance in amelioration of cerebrovascular remodeling in hyperhomocysteinemia.
